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Cleatken: W.-M. Yao ar 2l (Partele Data Group), J. Phys. G 33, 1 (2008) (URL: hp:/pdg.lblgov)
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p MASS (atomic mass units u)

The primary det=rmination of = muon's mass comes from measuring the
ratic of the mass to that of a nuclkus, so that the result iz obtained in
v (stornikc mass units). The comversion factor to MeV i more uncertain
than the mass of the muon in v, In this dstablock we givs the msulein o,
and in the follosing datablock in MeV.

BALUE [u) DOCUHENT (D TECN COWMENT
0.1 136064 - 0. DDODD0R030 MO HR 05 RWLUE 2002 CODATA valus

e & » We do not use the following dats for averages, fits, limits, 2tc. & = »

0.1 13428016840, 00000034 1 MOHR g RWVLIE 1008 CODATA valus
0113428013 £ 0.000000017 2 COHEN &7 RVLUE 16 CODATA valus

L MOHR 00 make use of other 1068 CODATA =ntries below.
ZCOHEN 87 make use of other 1086 CODATA =ntries below.

 MASS

2002 CODATA gves the corversion factor from u [atomic mass vnits, s=e
the abowe datablock) as ©31.404 043 (80). Earlier wvalues use the then-
current conversion factor. The corversion srror dominates the masses

green bealow.
VALUE (M) COCUMEENT WD TECN  CHL  COMMENT
10565834024 0, 0000004 MOHR o5 RVUE 2002 CODATA valus
e & » We do not use the following dats for averages, fits, limits, 2tc. & = »
1056583568 4 00000052 MOHR o0 EVUE 1008 CODATA va
105658353 0000016 3 COHEN &7 EWVUE 1086 CODATA va
1056583806 0000044 4 MARIAM g2 CNTR +
105.65836 000026 5 CROWE 72 CNTR
10565865 000044 % CRAME 71 CNTR

¥ Converted to MeW using the 1008 CODATA walue of the corversion const:
DIL.404013 4 0.0000037 MeVju.

MARIAM 82 give m, /m, = 206.768250(62)

SCROWE 72 give m,, fm, = 206.7682(5).

SCRANE 71 give m, fm, = 206. T6ETS(85).
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“Who Ordered That?”

The muon 1s the best known

unstable fundamental particle.

The muon is also the heaviest
fundamental particle we can directly
work with. It is a unique, priceless

resource for physicists.

ANS: “We did!”

# MEAN LIFE r

Measurerments with an smrer = 0,001 3 1079 £ have bean cmitted.
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Piecing the Neutrino Mass Puzzle

Understanding the origin of neutrino masses and exploring the new physics in the

lepton sector will require unique theoretical and experimental efforts ...
e understanding the fate of lepton-number. Neutrinoless double-beta decay.
e A comprehensive long baseline neutrino program.

e Probes of neutrino properties, including neutrino scattering experiments. And

what are the neutrino masses anyway? Kinematical probes.

e Precision measurements of charged-lepton properties (g — 2, edm) and
searches for rare processes (u — e-conversion the best bet at the

moment).

e Collider experiments. The LHC and beyond may end up revealing the new physics

behind small neutrino masses.

e Neutrino properties affect, in a significant way, the history of the universe. These

can be “seen” in cosmic surveys of all types.

e Astrophysical Neutrinos — Supernovae and other Galaxy-shattering phenomena.

Ultra-high energy neutrinos and correlations with not-neutrino messengers.
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Charged-Lepton Flavor Violation

Concentrating on rare muon processes, like

p— ey
W — eete”

{4 — e—conversion in nuclei
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Ever since it was established that u — evv, people have searched for

1 — ey, which was thought to arise at one-loop, like this:

The fact that © — ey did not happen, led one to postulate that the
two neutrino states produced in muon decay were distinct, and that

1 — ey, and other similar processes, were forbidden due to symmetries.

To this date, these so-called individual lepton-flavor numbers seem to be
conserved in the case of charged lepton processes, in spite of many

decades of (so far) fruitless searching. . .
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® Decays of |, T (and mesons)
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Decays of [, T (and mesons)

90% G.L. upper limits on LFVY 1 decays
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SM Expectations?

In the old SM, the rate for charged lepton flavor violating processes is trivial to

predict. It vanishes because individual lepton-flavor number is conserved:

e N,(in) = Ny(out), for a« = e, u, 7.
But individual lepton-flavor number are NOT conserved— v oscillations!

Hence, in the ¥SM (the old Standard Model plus operators that lead to neutrino
masses) u — e is allowed (along with all other charged lepton flavor violating

processes).

These are Flavor Changing Neutral Current processes, observed in the quark
sector (b — sv, K° «+ K°, etc).

Unfortunately, we do not know the vSM expectation for charged lepton flavor

violating processes —+ we don’t know the vrSM Lagrangian !
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One contribution known to be there: active neutrino loops (same as quark sector).

In the case of charged leptons, the GIM suppression is very efficient. ..

2

e.g: Br(n—ey) =35 |2 im0 s Up UezA]\Z; <107

[Uqi are the elements of the leptonic mixing matrix,

Am7 =mi —m3, i = 2,3 are the neutrino mass-squared differences]
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Everyone’s Favorite Neutrino Mass Model

A simple®, renormalizable Lagrangian that allows for neutrino masses is

M, . .
5 N'N' + Hee.

3
£V — ﬁold — )\aiLaHNi — Z
i=1
where N; (i = 1,2, 3, for concreteness) are SM gauge singlet fermions. £,
is the most general, renormalizable Lagrangian consistent with the SM
gauge group and particle content, plus the addition of the N; fields.

After electroweak symmetry breaking, £, describes, besides all other SM

degrees of freedom, six Majorana fermions: six neutrinos.

20nly requires the introduction of three fermionic degrees of freedom, no new inter-

actions or symmetries.
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Constraining the Seesaw Lagrangian

2
Ha,s ~ mlight/Mheavy
I T HJ* \l\ Alk\{\‘i ,,,,, J{\‘\‘Jk\{\‘lk
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CLFV and Heavy Neutral Leptons
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FIG. 2: The 99% CL limit on the neutrino mixing-matrix elements associated with a heavy neutrino, when
Uea|? = |Upa|? = |Ur4|? = |U|?, using experimental constraints on radiative decays, three-body decays [17, 29], and
p— e conversion on Ti (which gives the strongest constraints of the p — e various limits) [17, 27]. The dashed black
line corresponds to |U|? = (174 GeV)?/m3, to the right of which |U|? values are not expected to be theoretically
accessible. See text for details.

AdG, A. Kobach, arXiv:1511.00683
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Independent from neutrino masses, there are strong theoretical reasons to
believe that the expected rate for flavor changing violating processes is
much, much larger than naive vSM predictions and that discovery is just

around the corner.

Due to the lack of SM “backgrounds,” searches for rare muon processes,
including p — ey, p —ete e and u+ N — e+ N (u-e—conversion in
nuclei) are considered ideal laboratories to probe effects of new physics at

or even above the electroweak scale.

Indeed, if there is new physics at the electroweak scale (as many theorists
will have you believe) and if mixing in the lepton sector is large

“everywhere” the question we need to address is quite different:

Why haven’t we seen charged lepton flavor violation yet?
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Model Independent Approach

[see Davidson-Echenard arXiv:2204.00564 for a more modern, thorough discussion!]

As far as charged lepton flavor violating processes are concern, new physics
effects can be parameterized via a handful of higher dimensional operators. For
example, say that the following effective Lagrangian dominates CLFV

phenomena:

my

T 1)AZ

K
1+~

,aRO-pJVGLF'LLV +

LoLFv = C TA2 AL YuerL (TLL’YN’UL + dL’Y“’dL)

First term: mediates u — ey and, at order o, p - eeeand u+ 2 — e+ 2
Second term: mediates © + Z — e + Z and, at one-loop, u — ey and u — eee

A is the “scale of new physics”. k interpolates between transition dipole

moment and four-fermion operators.

Which term wins? — Model Dependent
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e /1 — e-conv at 10717 “guaranteed” deeper

probe than p — ey at 10~ 14,

e It is really hard to do u — ey much better

4
than 1071, u — e—conv “best” way forward? 10

e If the LHC does not discover new states
u — e-conv among very few process that can

access 10,0004+ TeV new physics scale:
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What does “A” mean?

This is clearly model dependent! However, some general issues are easy to

identify. ..

e 1 — e always occurs at the loop level, and is suppressed by E&M
coupling e. Also chiral suppression (potential for “tan £5”

enhancement).
1 e tanp

A2 1672 M2

new

e /. — eee and . — e-conversion in nuclei can happen at the tree-level

L Yhew
A2 ME,
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1l ’ ﬁ \1E e
A AAAARAA A
Dipole: SUSY-GUT and Scalar: RPV SUSY and RPC

: Vector Type lll seesaw, 4-lepton: Type Il seesaw,

SUSY see-saw scenarios, SUSY for large tan(f3) and LRSM, leptoquarks, ... RPV SUSY, LRSM. ...
low ma, leptoquarks, ...
vae 3 va 3 a3
vC (reP _ C

Lie O Tga%gﬁ P+ Y }\Leareﬁ Cq + ) A—gfﬂfe’ﬁ A

(Will not discuss the interesting case of ALPs with LFV couplings, see Calibbi et al. 2006.04795)

[talk by V. Cirigliano, RP Plenary Session (07/21)]
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Type-II Seesaw: SM plus SU(2) Triplet Higgs, Y =1

Ao
L e 76LO‘L5T.

Neutrino Majorana masses if 1" develops a vev ...

Map = >\oz/3'UT

i — ey, i — e-conversion at the loop-level. However, 1 — eee at the tree

level (note direct connection to neutrino mass-matrix flavor sctructure). ..

1 MeeMM e

2 — .2 s2
A v M7

Key issue: are neutrino masses small because A\ are small or because vt is
small (or both)? EWPD already push vy below ~ 1 GeV...

July 24, 2022 v and ¢




André de Gouvéa Northwestern

What is This Really Good For?

While specific models provide estimates for the rates for CLFV processes,

the observation of one specific CLFV process cannot determine the

underlying physics mechanism (this is always true when all you measure is

the coefficient of an effective operator).

Real strength lies in combinations of different measurements, including:

July 24,

kinematical observables (e.g. angular distributions in u — eee);
other CLF'V channels;

neutrino oscillations;

measurements of ¢ — 2 and EDMs;

collider searches for new, heavy states;

etc.
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Figure 3: Target dependence of the u — e conversion rate in different single-operator
dominance models. We plot the conversion rates normalized to the rate in Aluminum
(Z = 13) versus the atomic number Z for the four theoretical models described in the
text: D (blue), S (red), V) (magenta), V% (green). The vertical lines correspond to
Z=13 (Al)" Z =22 (Tl)’ and Z = 83 (Pb) [Cirigliano, Kitano, Okada, Tuzon, 0904.0957]
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Model Independent Comparison Between g — 2 and CLFV:

The dipole effective operators that mediate yu — ey and contribute to a, are

virtually the same:

My My _ o
A—g,uau wFu, X HBMA—SL,UJJ“ eF,.

0., measures how much flavor is violated. 6., = 1 in a flavor indifferent theory,
0c,, = 0 in a theory where indiviadual lepton flavor number is exactly conserved.

If 6, ~ 1, u — ey is a much more stringent probe of A.

On the other hand, if the current discrepancy in a, is due to new physics,

Qe’u << ]. (Qe,u < 10_4). [Hisano, Tobe, hep-ph/0102315]
-9 Am?2 . 2
e.g., in SUSY models, Br(p — ey) ~ 3 x 107° (1(;)% > ( m;“)

Comparison restricted to dipole operator. If four-fermion operators are relevant,

they will “only” enhance rate for CLF'V with respect to expectations from g — 2.
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Very quick comments on the muon electric-dipole moment, d,
e CP-violating observable;

e Predicted to be non-zero-but-tiny in the SM: d,, < 107%° e-cm. Great

place to look for new physics!
e Current bounds: d, < 1.8 x 10~ Ye-cm. Compare to d. < 10727 e-cm.
e In general, dy o< my, so d,, ~ de X (M, /Mme).

e New g — 2 experiment at FNAL would be sensitive to d,, > 10~ ?!e-cm.
Dedicated effort could reach d,, > 10~%%e-cm. Is it worth it? [yes!]

e Same eflective operator contributes to a,, and d,,
m my,
Ag fo, pF*Y versus  ecp—o A2 TR TI

ecp measures how much the new physics violates CP.
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[see 1008.5091 and hep-ph/0108275] I'T. Riippell, talk at PSI]
e Only 7—/i mixing. B
e Only m: #0.
ML HR
e Chirality flipping Ag,, = Ag,, = 0. - N
. - . RN + 1R
e Leading contribution from Bino loop. ?Z‘X’;R

dﬂ @ M,' MI L E —20 200GeV LLE *
L= — ’V’EG (Mg)lm(o ) ~1-1072cm i Im(J55055" 053).

e We assume maximal CP violating phases in 5%5253*
e Fixing the stau left-right mixing 53L§E connects Ag 33, /1, tan 3 and Mj.
e The MIA calculation for Br(7 — py) gives

Br(rﬂm):ﬁe<|a‘“|2+|c>‘§3|2), max |6505;| = Br(7 — 17 )max/(25).

Mi Giy) s1, 6" o 127 . M:
K= (1-1— e Galy )(5 5 G2 M4 Gs(y)? x B(t — ywi), y= :
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I'T. Riippell, talk at PSI]

log(dy[ecm])

TT T T [T T T T [T T T T[T T T T[T T T T[T T T T [T T TTJ 1
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|
(o))

log(Br(7 — 117))
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On CLFYV Processes Involving 7 Leptons (Brief Comment)

Current Bound On Selected 7 CLFV Processes (All from the B-Factories):

o B(T wey) <11x107"; B(T — py) < 4.5 x 1075, (u— ey)

B(r = er) <80x107% B(r — um) <1.1x10". (4 — e—conversion)
o B(T — eee) <3.6x107% B(r — eeu) < 2.0 x 1078, (u — eee)
o B(T = eup) <23 x107°% B(r — pup) < 3.2 x 1078, (1 — eee)

Relation to yu — e violating processes is model dependent. Typical

enhancements, at the amplitude-level, include:
e Chirality flipping: m, > my;
e Lepton mixing effects: U,z > Ues;
e Mass-Squared Difference effects: Am3; > Am3,;

e ctc
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Ask not only what muons can do for neutrinos but what neutrinos can do for muons ...

v-Trident Search @ DUNE ND

« SM predicts the neutrino tridents
through rare weak processes =
produces a pair of charged leptons.

« Unknown gauge boson couplings
could cause deviations in the SM
predicted signal yields

« DUNE sensitive in the region where (g-

2)y anomaly can be explained at the 1o
and 20 level

H 1 1 1
0.001 0.010 0.100 1 10
m (GeV) —_—

July 24, 2022 . v and £
July 19,2022  Snowmass CSS 2022 Jaehoon Yu 15 A DRAXVE




André de Gouvéa Northwestern

Summary and Conclusions

e Low-energy muon processes constitute a powerful (often unique) probe of
new physics around the electroweak scale, not unlike high-energy collider

experiments (similar sensitivity to new physics energy scale).

e We know that charged lepton flavor violation must occur. Effects are,

however, really tiny in the “minimal” ¥SM (neutrino masses too small).

e If there is new physics at the electroweak scale, there is every reason to
believe that CLFV is well within the reach of next generation experiments.

Indeed, it is fair to ask: “Why haven’t we seen it yet?’

e It is fundamental to probe all CLFV channels. While in many scenarios
u — ey is the “largest” channel, there is no theorem that guarantees this

(and many exceptions).

e CLFV may be intimately related to new physics unveiled with the discovery
of non-zero neutrino masses. It may play a fundamental role in our
understanding of the seesaw mechanism, GUTs, the baryon-antibaryon
asymmetry of the Universe. We won’t know for sure until we see it!
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